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High-level resistance to ertapenem was produced by 3-lactamases of groups 1, 2f, and 3 in a strain of
Klebsiella pneumoniae deficient in Omp35 and Omp36. From a wild-type strain producing ACT-1 p-lactamase,
ertapenem-resistant mutants for which the ertapenem MICs were up to 128 pg/ml and expression of outer
membrane proteins was diminished could be selected.

Ertapenem is a potent carbapenem antibiotic for most clin-
ical isolates of Klebsiella pneumoniae, with a typical MIC at
which 90% of the isolates tested are inhibited of 0.03 to 0.06
pg/ml (6, 9), but occasional strains for which the MICs are =16
pg/ml have been detected (6, 7). In one such strain resistance
was dependent on the presence of the plasmid-mediated ex-
tended-spectrum B-lactamase (ESBL) SHV-2 and additional
host events presumably affecting ertapenem permeativity (7).
Further studies were undertaken to elucidate the contribution
of B-lactamase and host mutation to such exceptional resis-
tance.

The K. pneumoniae strain for which the ertapenem MIC was
16 pg/ml was treated with ethidium bromide to cure the resi-
dent plasmid. The ertapenem MIC for the resulting strain, C2,
was still elevated at I pg/ml, and the strain was found to be
defective in expression of outer membrane porins OmpK35
and OmpK36 (10). To evaluate the influence of different B-lac-
tamases on the ertapenem susceptibility of this strain, plasmids
were introduced by mating with R™ derivatives of Escherichia
coli J53 Azi" (met pro; azide resistant) (8), with selection on
medium lacking the growth requirements of the donor and
containing an antibiotic to which the plasmid provided resis-
tance, if possible a non-B-lactam so as to avoid inadvertent
selection of additional mutations. A few nonconjugative plas-
mids were introduced by electroporation. MICs were deter-
mined by agar dilution on Mueller-Hinton medium with an
inoculum of 10* organisms per spot according to NCCLS pro-
tocols (12). E. coli ATCC 25922 was used for quality control.
Antibiotics were obtained from Sigma (St. Louis, Mo.) (cefo-
taxime) and the pharmaceutical companies AstraZeneca
(meropenem), Bristol-Meyers Squibb (cefepime), GlaxoSmith-
Kline (ceftazidime), and Merck & Co. (cefoxitin, ertapenem,
and imipenem).

In Table 1 the K. pneumoniae C2 derivatives are listed ac-
cording to the B-lactamase classification scheme of Bush et al.
(4). The highest ertapenem MICs (=128 wg/ml) were achieved
by B-lactamase group 1 enzymes ACT-1, DHA-1, and FOX-1
and by group 2f enzyme KPC-1. KPC-1 is a known carbapen-
emase (14) and was encoded by a multicopy plasmid, while
group 1 enzymes have been reported to express carbapenem
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resistance in strains lacking outer membrane porins (3, 10).
Other group 1 enzymes provided a lesser degree of ertapenem
resistance, with FOX-3 and FOX-5 B-lactamases conferring
MIC:s of only 8 wg/ml. Group 1 enzymes providing ertapenem
resistance also increased resistance to imipenem and mero-
penem but with diminishing effect: the highest imipenem MIC
was 64 pg/ml, and the highest meropenem MIC was 16 pg/ml.
With group 2be (ESBL) enzymes, ertapenem MICs of =16
pg/ml were conferred by several TEM-type ESBLs, but the
maximum MIC with SHV- or CTX-M-type ESBLs was only 8
pg/ml. Susceptibility to imipenem and meropenem was less
affected than that to ertapenem. Most group 2c and 2d en-
zymes had no effect on ertapenem susceptibility, but OXA-2
B-lactamase was exceptional in providing an ertapenem MIC
of 32 wg/ml with little if any effect on imipenem or meropenem
susceptibility. As expected, the group 3 metallo-B-lactamase
VIM-2 elevated the ertapenem MIC for strain C2 to 64 pg/ml,
with concomitantly increased resistance to the other carbapen-
ems.

Cefepime MICs of =32 pg/ml were produced in strain C2
with some TEM- and SHV-type ESBLs, by CTX-M-5 and
M-14, and by KPC-1 B-lactamase. MICs of cefotaxime and
ceftazidime were =32 pg/ml with group 1 enzymes as well as
some TEM- and SHV-type ESBLs, KPC-1 and VIM-2.

Carbapenem resistance decreased markedly when the plas-
mid host had a wild-type complement of porins. The native
ertapenem MIC for a susceptible clinical isolate of K. pneu-
moniae (strain 002) was 0.015 wg/ml, which increased to 0.5
pg/ml when plasmid pMG251, encoding ACT-1 B-lactamase
(1), was introduced and to only 4 pg/ml when plasmid-medi-
ated KPC-1 was present. From 002(pMG251) making ACT-1
B-lactamase, spontaneous mutants could be selected on Muel-
ler-Hinton agar containing 2 pg of ertapenem per ml at a
frequency of 6 X 1078, for which the ertapenem MIC was 4
pg/ml. Such a first-step mutant gave rise to colonies on me-
dium with 64 pg of ertapenem per ml at a frequency of 8 X
107°. The ertapenem MIC for a second-step mutant was 128
pg/ml. B-Lactamase production by the mutants was un-
changed. Table 2 shows the susceptibilities of these strains to
other B-lactams. Resistance to imipenem and meropenem in-
creased along with that to ertapenem, while susceptibility to
ceftazidime and cefepime was less affected.

Outer membrane proteins of strain 002(pMG251) and its
two ertapenem-resistant derivatives were prepared (10) as so-
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TABLE 1. Susceptibilities of porin-deficient K. pneumoniae strain C2 containing various plasmid-mediated B-lactamases

Enzyme B-Lacta- Plasmid MIC (pg/ml)
group mase Cefepime  Cefotaxime  Cefoxitin  Ceftazidime Ertapenem Imipenem Meropenem

None 0.5 0.5 64 0.5 1 1 0.25

1 ACC-1 pSLK54 8 128 =1,024 =256 32 8 4
ACT-1 pMG251 2 128 =1,024 64 =128 64 16
CMY-2 pMG250 4 128 =1,024 128 32 32 8
DHA-1 pMG247 4 256 =1,024 =256 128 64 8
FOX-1 pGL3“ 16 =256 =1,024 =256 128 64 16
FOX-3 pl734 2 32 =1,024 128 8 2 2
FOX-5 pMG252 4 64 =1,024 128 8 2 1
LAT-1 pHP15 8 =256 =1,024 =256 64 32 16
MIR-1 pMG233 2 64 =1,024 32 32 32 8
MOX-1 pRMOX-1 4 32 =1,024 64 32 8 8
MOX-2 pKOL 8 64 =1,024 128 16 2 2

2b TEM-1 R1 0.5 0.5 64 0.5 2 0.5
TEM-2 RP1 4 0.5 64 1 8 2

2be TEM-3 pCFF04 32 128 64 128 8 2 1
TEM-4 pUDI16 32 128 64 32 16 2 4
TEM-5 pCFF14 16 16 64 256 16 4 1
TEM-6 pMG226 16 4 16 =256 32 1 1
TEM-7 pIF100 32 2 64 64 16 2 2
TEM-8 Plasmid from E. coli CF804 32 16 64 =256 16 2 0.5
TEM-9 pMG228 32 16 64 =256 32 4 0.5
TEM-10 pMG223 16 4 64 =256 16 2 0.5
TEM-11 pMG244 16 2 64 64 16 2 4
TEM-12 pMG224 16 2 64 64 16 2 0.5
TEM-15 pMG274 16 64 64 =256 8 2 2
TEM-16 Plasmid from K. pneumoniae CF1304 16 4 64 =256 8 1 0.5
TEM-19 pMG289 8 64 32 64 16 4 1
TEM-20 pUD30 64 32 64 16 4 2 2
TEM-21 pUD31 16 128 64 256 16 4 0.5
TEM-22 Plasmid from E. coli HB101 TEM-22 8 64 64 =256 16 2 0.25
TEM-24 Plasmid from K. pneumoniae CF1104 16 32 64 =256 8 0.5 0.5
TEM-25 Plasmid from E. coli CF1609 16 32 64 32 16 4 0.25
TEM-26 pMG225 32 4 64 =256 8 1 0.25
TEM-52 pMG276 8 32 64 64 8 4 0.5
TEM-61 pMG290 8 4 16 =256 16 4 2
TEM-71 pMG259 1 0.5 64 256 8 4 0.125
TEM-88 pMG272 8 32 64 64 16 2 0.5

2b SHV-1 R1010 0.5 0.5 64 0.5 2 0.5 0.5

2be SHV-2 pMG258 16 4 64 =256 8 1 0.25
SHV-3 pUDI18 32 64 64 =256 4 2 1
SHV-4 pUD21 8 16 64 256 4 0.5 0.25
SHV-5 pAFF2 16 32 64 =256 8 2 2
SHV-6 pSLH47 1 0.5 64 32 8 0.5 1
SHV-12 pMG242 4 4 32 =256 4 2 2
SHV-18 pMG266 4 8 64 64 8 1 2
CTX-M-5 pCLL3417“ 128 =256 64 4 8 2 1
CTX-M-14 pMG267 32 32 64 8 8 2 2

2b HMS-1 R997 0.5 0.5 64 1 2 0.5 1

2c PSE-1 pMG217 0.5 0.5 64 4 2 1 0.5
PSE-4 pUZ8::Tni405 0.5 0.5 64 0.5 2 1 2
CARB-3 pUZ8::Tni408 1 0.5 64 0.5 1 1 1
CARB-4 pUZ8::Tni413 0.5 0.25 32 0.5 1 1 2
SAR-1 pUK657 0.5 0.5 64 0.5 2 1 0.5

2d OXA-1 RGN238 4 0.5 64 0.5 2 1 2
OXA-2 R46 0.5 0.5 64 16 32 2 1
OXA-3 R55 0.25 0.25 16 2 1 0.5 2
OXA-4 pMG203 1 0.5 64 0.5 1 1 0.25
OXA-5 pMG54 0.5 0.5 64 0.5 1 1 0.25
OXA-7 pMG202 1 1 32 1 1 1 2
OXA-10 pUZ8::Tnl404 0.5 0.5 64 0.5 2 1 2
LCR-1 pUZ8::Tni412 0.5 0.5 64 0.5 2 0.5 1

2f KPC-1 pBR322-catl-blaype_," 128 128 128 64 =128 =128 =128

3 VIM-2 pNOR2001¢ 4 64 128 32 64 64 128

“ Multicopy recombinant plasmid.
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TABLE 2. Susceptibilities of K. pneumoniae 002(pMG251) and its derivatives to B-lactams
MIC (pg/ml)
Strain
Cefepime Cefotaxime Cefoxitin Ceftazidime Ertapenem Imipenem Meropenem
002(pMG251) 0.125 2 512 8 0.5 2 0.125
002(pMG251) Ertapenem' MIC 4° 1 32 =1,024 16 4 16 1
002(pMG251) Ertapenem” MIC 4 0.5 16 =1,024 8 2 2 0.5
carrying pQE7K?
002(pMG251) Ertapenem” MIC 4 0.125 2 512 8 0.25 2 0.125
carrying pSHA25K*
002(pMG251) Ertapenem® MIC 1287 2 32 =1,024 =32 128 =128 16
002(pMG251) Ertapenem’ MIC 128 1 32 =1,024 =32 16 8 2
carrying pQE7K
002(pMG251) Ertapenem’ MIC 128 0.06 1 512 8 0.25 2 0.125

carrying pSHA25K

¢ Ertapenem” MIC 4, resistant derivative for which the ertapenem MIC was 4 pg/ml.

b Codes for OmpK36.
¢ Codes for OmpK37.

@ Ertapenem” MIC 128, resistant derivative for which the ertapenem MIC was 128 pg/ml.

dium lauryl sarcosinate (2%)-insoluble material from cell en-
velopes obtained by sonication of bacteria after growth in nu-
trient broth (Difco) and were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis by using the Phast-
System with PhastGel 12.5 medium (Pharmacia Biotech). Two
protein bands were seen with strain 002 at about 35 and 36
kDa, probably corresponding to an OmpA-like protein and a
porin, respectively. The upper band was lost in both of the
ertapenem-resistant mutants (Fig. 1).

To elucidate the events responsible for ertapenem resistance
further, plasmids pSHA25K, encoding OmpK36, and pQE7K,
encoding OmpK37 (5), were introduced into the ertapenem-
resistant K. pneumoniae 002(pMG251) derivatives by electro-
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FIG. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis of outer membrane proteins with protein standards of 97, 66,
49, and 30 kDa (lane A), K. pneumoniae C2 (lane B), K. pneumoniae
002(pMG251) (lane C), the K. pneumoniae 002(pMG251) ertapenem-
resistant derivative for which the MIC was 4 pg/ml (lane D), and the
K. pneumoniae 002(pMG251) ertapenem-resistant derivative for which
the MIC was 128 pg/ml (lane E).

poration. Both plasmids determine kanamycin resistance, as
does pMG251, but neomycin could be used to select for plas-
mid acquisition. Transfer of plasmid pSHA16K, encoding
OmpK35 (5), was also attempted, but despite being based on
the same vector as the other Omp constructs, pSHA16K
proved to be incompatible with pMG251 as either the entering
or resident plasmid.

Acquisition of either pPSHA25K or pQE7K increased B-lac-
tam susceptibility for both the first- and second-step ertapen-
em-resistant mutants. Plasmid pSHA25K had the greater effect
(Table 2). Porin loss was thus clearly involved in mutations to
enhanced ertapenem resistance, but since both high- and low-
level resistance mutants had susceptibility restored, the se-
quence of events responsible for the two resistance levels has
not been established. Enhanced B-lactam efflux might be in-
volved, but compounds reported to inhibit quinolone efflux in
K. pneumoniae or other organisms, such as 25 pg of reserpine
(Sigma) per ml (13), 100 uM carbonyl cyanide m-chlorophe-
nylhydrazone (Sigma) (11), or 80 pg of Phe-Arg B-naphthyl-
amide (Sigma) per ml (2), failed to block ertapenem resistance
in the K. pneumoniae 002(pMG251) derivatives.

Ertapenem resistance in K. pneumoniae thus depended on
production of particular B-lactamases and defects in perme-
ability. In most strains loss of susceptibility was more marked
for ertapenem than for imipenem or meropenem. Additional
clinical isolates with this resistance phenotype have recently
been reported (D. L. Paterson, R. A. Bonomo, J. Kolano, S.
Patel-Brown, K. M. Hujer, L. B. Rice, and V. L. Yu, Abstr.
42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr.
C2-1886, 2002; J. P. Quinn, A. M. Hujer, C. R. Bethel, P.
Schreckenberger, and R. A. Bomomo, Abstr. 43rd Intersci.
Conf. Antimicrob. Agents Chemother., abstr. C1-671, 2003).
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